Mbd4 (methyl-CpG
T he ability to maintain the integrity of the genome is essential to all organisms, and both prokaryotic and eukaryotic cells have developed a variety of repair mechanisms to cope with mutagenic and carcinogenic DNA lesions. The cellular responses that remove these potentially harmful lesions involve a number of different excision repair systems, including DNA mismatch repair (MMR), nucleotide excision (NER) and base excision repair (BER) (1) (2) (3) (4) (5) . Recently, a candidate DNA repair gene was identified in a search of the mouse EST database by using the protein sequence of the methyl-CpG binding domain (Mbd) of methyl-CpG-binding protein 2 (MeCP2) (6) . This gene, termed Mbd4, is one of four members of the Mbd gene family whose gene products bind specifically to methyl-CpG dinucleotides in the genome and are known to have a functional role in transcriptional repression. However, analysis of the Mbd4 amino acid sequence revealed that it contained a C-terminal catalytic domain that shares high homology to many known bacterial DNA glycosylases and lyases. Further biochemical analysis using oligonucleotide substrates showed that Mbd4 is a DNA glycosylase that could act in the repair of G-T or G-U mismatches at CpG sites resulting from deamination of 5-methyl cytosine or cytosine, respectively (7, 8) .
Subsequently, the human homolog of Mbd4 was identified in a yeast two-hybrid screen due to its interaction with the human mismatch repair protein MLH1 (9) and was named methyl-CpG binding endonuclease 1 (MED1). For convenience, we will refer to the human MED1 gene as MBD4 throughout this study. Because of the interaction with MLH1 and the initial observation that MBD4 contained an endonuclease activity that can convert supercoiled plasmid DNA into nicked, linear molecules, it was suggested that MBD4 could function in mammalian MMR in a manner reminiscent of the MutH endonuclease in bacterial MMR (9) . However, additional biochemical studies using double-stranded oligonucleotide substrates failed to detect an MBD4 endonuclease activity and therefore did not support a role of MBD4 in mammalian MMR strand discrimination (7) . Rather, it was suggested that the interaction between MLH1 and MBD4 might play a role in the coordination of base excision repair and MMR to prevent potentially mutagenic repair of G-T mismatches by MBD4 that result from misincorporation of guanosine opposite a thymidine during DNA replication at CpG sites (10) .
Another link between MBD4 and the MMR system was provided by the observation that between 20% and 43% of primary human colorectal carcinomas that displayed microsatellite instability (MSI) also harbored inactivating mutations in MBD4 (11) (12) (13) . A substantial number of these tumors were either HNPCC tumors that carried MLH1 mutations or sporadic tumors that had lost MSH2 or MLH1 expression as assessed by immunohistochemical analysis. In addition, MBD4 mutations were also frequently observed in other microsatellite unstable cancers such as gastric, endometrial, and pancreatic carcinomas (11, 14) . Sequence analysis of MBD4 in several of these tumors revealed that the vast majority of mutations occurred within a stretch of A (10) in the MBD4 coding region and were predicted to result in a truncated protein product that lacked the Cterminal catalytic domain. Interestingly, sequence analysis showed biallelic MBD4 inactivation in some tumors, suggesting that MBD4 could be a target gene of genomic instability or a tumor suppressor gene. However, the failure to detect MBD4 mutations in microsatellite stable tumors together with the lack of mutations occurring outside this mononucleotide repeat track suggested that MBD4 mutations were likely the result, rather than the cause, of MMR deficiency (12) .
To examine the role of Mbd4 in DNA repair in vivo and to assess its importance for tumor suppression, we generated a mouse line with an inactivating mutation in Mbd4 by gene targeting. We found that Mbd4 inactivation did not cause MSI in the murine genome. However, we observed an increase in the mutation frequencies in the small intestine and spleen of Mbd4 Ϫ/Ϫ mice that was mainly attributed to an increase in the incidence of C:G3T:A transition mutations at CpG sites. Although the mutator phenotype caused by Mbd4 deficiency was not sufficient to initiate tumorigenesis in mice, it had a profound effect on tumor progression in the gastrointestinal (GI) tract of mice carrying the Apc 1638N germ line mutation. We further show that this enhanced GI tumorigenesis is specifically caused by an increase in somatic C:G3T:A transition mutations at CpG sites within the coding region of the WT Apc allele. Our results indicate that Mbd4 inactivation can modulate the mutational spectra during tumorigenesis and influence tumor progression. (15) . The cells were selected in G418 (150 g͞ml) for 12 days, and resistant colonies were isolated. Among the 240 clones screened, one positive clone was isolated. The correct targeting event was identified by Southern blot analysis of EcoRI-digested genomic DNA using a cDNA probe corresponding to exons 4 to 7. ES cells carrying the targeted Mbd4 allele were injected into C57BL͞6J blastocysts to generate chimeric mice. Several male chimeras were mated to C57BL͞6J females to generate Mbd4 ϩ/Ϫ F 1 offspring, which were subsequently interbred to obtain F 2 Mbd4 Ϫ/Ϫ offspring. Genotyping of mouse tail DNA was performed by Southern blot analysis as described above for ES cell screening.
Materials and Methods
RT-PCR Analysis. To verify the generation of an Mbd4 null mutant mouse line, total RNA was isolated from ES cells and various tissues including the spleen, kidney, and liver of Mbd4 mutant mice by using Trizol (GIBCO). RT-PCR reactions were carried out on DNase-treated RNA by using exon 3 internal primers (forward primer, 5Ј-TCAAGACACGAAGCAAGTGG-3Ј; and reverse primer, 5Ј-CCCTTTCTGTCTCCCTTCG-3Ј) to verify the loss of exon 3. Primers situated in exon 2 (forward primer, 5Ј-TACCACAGCGACAGAAGGC-3Ј) and exon 4 (reverse primer, 5Ј-CTTGTGTCCGTGGGATGC-3Ј) were used to detect the possible formation of alternative splice variants. Reverse transcription and PCR amplification were performed by using the Titan One Tube System (Roche). offspring were subsequently intercrossed. Littermates derived from these crosses were used for the analyses of mutation frequencies and GI tumor phenotypes.
Generation of Mbd4
MSI Analysis. Mutations in microsatellite sequences were assayed by PCR of single target molecules. Equal amounts of tail DNA from three mice per mouse strain (Mbd4 ϩ/ϩ , Mbd4 Ϫ͞Ϫ , and Mlh1 Ϫ/Ϫ ) were pooled and diluted to 0.5-1.5 genome equivalents. Cycling reactions for the three markers analyzed (U12235, D7Mit91, and D17Mit123) were performed as described (18) .
Big Blue Mutational Analysis. The in vivo mutation frequency in WT and Mbd4 Ϫ/Ϫ mice was assessed by using the target lacI transgene in the Big Blue Transgenic Rodent Mutagenesis Assay System (Stratagene) according to the manufacturer's guidelines. At least three mice each from WT͞Big Blue and Mbd4 Ϫ/Ϫ ͞Big Blue mouse strains were killed at Ϸ10 wk of age. Single cell suspensions of splenocytes were isolated, and high-molecular weight DNA was extracted. For analysis of the mutation frequency in the small intestine, the epithelial cells of the mucosa in the jejunum were scraped off the submucosa for DNA extraction. Genomic DNA was packaged, and the phage particles were plated in the presence of 5-bromo-4-chloro-3-indolyl ␤-Dgalactoside (X-Gal; Roche). Approximately 200,000 plaqueforming units were plated per DNA sample. The mutation frequency was calculated by dividing the number of blue plaques by the total number of plaques plated. To characterize lacI mutations, a segment of the lacI gene (ϩ15 to ϩ510, relative to the transcriptional start site) in the mutant phage particles was PCR amplified and sequenced. To determine whether Mbd4 deficiency resulted in an increase in mutations of a specific type, prevalence ratios were estimated; dependence between mutational events arising from the same mouse were adjusted by a generalized estimating equations approach (19) .
Analysis of Tissues and Tumors in Mbd4 Mutant
Mice. After killing, various tissues were removed and inspected (including kidney, liver, brain, heart, skeletal muscle, skin, lung, pancreas, thymus, spleen, lymph nodes, urinary bladder, ovary, uterus, testis, prostate, esophagus, stomach, and small and large intestines). For analysis of gastrointestinal tumors in Apc 1638N mice, the GI tract was opened longitudinally and examined under a dissecting microscope for the presence of tumors. The number of microadenomas was sampled from 10 serial tissue sections (4 m) of the stomach, duodenum, jejunum, cecum, and proximal and distal colon of each mouse. Some small intestinal tumors were frozen in liquid nitrogen for subsequent molecular analysis. Tissues and tumors were processed for paraffin embedding, and sections were prepared for hematoxylin͞eosin staining according to standard procedures.
Analysis of Apc Truncation
Mutations. PCR amplification of the WT Apc allele from tumor DNA and subsequent in vitro transcription and translation and sequence characterizations were performed as described (20) . Statistical analyses of Apc truncation mutation incidence in GI tumors were performed by using the Fisher's exact test.
Results
Homozygous Mbd4 Null Mice Are Viable. We generated Mbd4 mutant mice by replacing exon 3 of the murine Mbd4 gene with a PGKneomycin expression cassette in ES cells (Fig. 1A) . The gene-targeting event was designed to delete the catalytic domain of Mbd4 encoded by exon 3 (21) . The correct gene targeting event in ES clones and mice was verified by Southern blot hybridization (Fig. 1B) . The deletion of exon 3 in the mouse was further confirmed by RT-PCR analysis of RNA isolated from multiple tissues. This analysis showed that exon 3 was lost in Mbd4 Ϫ/Ϫ mice but detectable in Mbd4 ϩ/Ϫ and WT mice. Further analysis of RNA isolated from Mbd4 ϩ/Ϫ and Mbd4 Ϫ/Ϫ mice revealed that exons 2 and 4 were spliced together, creating a previously uncharacterized low abundance RNA transcript (Fig.  1C) . Sequence analysis of the modified RNA showed that this splice event created a frameshift mutation resulting in a polypeptide of 125 aa, of which the first 98 residues correspond to Mbd4 (data not shown). If the modified message is translated, the truncated product predicted would lack any known functional domains. This analysis indicates that we have generated a functionally null Mbd4 mutant. Mbd4 inactivation did not result in increased cancer susceptibility. We carefully followed a cohort of 30 WT, 45 Mbd4 ϩ/Ϫ , and 29 Mbd4 Ϫ/Ϫ mice for a period of 24 mo and noticed only one uterine leiomyosarcoma in a 13-mo-old female and one Peyer's patch lymphoma in the small intestine of a 16-mo-old male. Similarly, we did not observe a difference in survival between WT, Mbd4 ϩ/Ϫ , and Mbd4
Absence of MSI in Mbd4-Deficient Mice. The mutation frequencies at microsatellite loci in the genome of Mbd4 Ϫ/Ϫ mutant mice were studied by a limiting dilution PCR-based method. We examined one mononucleotide repeat marker, U12235, and two dinucleotide repeat markers, D7Mit91 and D17Mit123. A total of 244 alleles in WT mice and 220 alleles in Mbd4 Ϫ/Ϫ mice were analyzed for size alterations at the U12235 locus. There was no significant difference in the frequencies of mutant alleles in Mbd4 Ϫ/Ϫ (11͞220 alleles, 5%) and WT mice (7͞244 alleles, 3%) at this locus (P Ͼ 0.3). We also analyzed 124 WT and 123 Mbd4 Ϫ/Ϫ alleles at D7Mit91, as well as 134 WT and 111 Mbd4 Ϫ/Ϫ alleles at D17Mit123. As with the mononucleotide repeat marker, we did not observe significant differences in the mutation frequencies for both dinucleotide markers: D7Mit91 (Mbd4 Ϫ/Ϫ , 3͞123, 2%; and WT, 3͞124, 2%; P ϭ 1.0); D17Mit123 (Mbd4 Ϫ/Ϫ , 2͞111, 2%; and WT, 8͞134, 6%; P Ͼ 0.1). In contrast, we observed significant MSI in Mlh1 Ϫ/Ϫ mice (22) at all three loci (mutation frequencies: 12͞73, 16% for U12235; 19͞123, 15% for D7Mit91; and 19͞69, 28% for D17Mit123; for all three markers, P Ͻ 0.0005).
Increased Frequency of Transition Mutations in Mbd4
؊/؊ Mice. We next performed a quantitative and qualitative analysis of spontaneous mutations in mouse tissues by using the Big Blue mutation detection system (16) . Three or four mice of each genotype were killed, and the mutation frequencies at the lacI locus in spleen and small intestinal epithelium were determined. Mutant plaques were verified in a second round of plating at low density. The results for spleen before and after replating are shown in Fig. 2 . The splenocytes in Mbd4 Ϫ/Ϫ mice displayed an average mutation frequency of 9.83 ϫ 10 Ϫ5 , an almost 3-fold increase compared with 3.47 ϫ 10 Ϫ5 in WT mice. A similar trend was detected in the small intestinal epithelial cells, where we observed more than a 2-fold increase in the mutational frequency in Mbd4 Ϫ/Ϫ mice (6.34 ϫ 10
Ϫ5
) compared with WT mice (3.00 ϫ 10 Ϫ5 ).
We also determined the spectra of lacI mutations in the small intestine in WT and Mbd4 Ϫ/Ϫ mice. In both WT and Mbd4 Ϫ/Ϫ mice, the majority of lacI mutations were caused by C:G3T:A transitions (Table 1) . However, this type of mutation was almost twice as prevalent in the Mbd4 Ϫ/Ϫ mice compared with WT mice (64% vs. 37%; P ϭ 0.01). In addition, almost all of the C:G3T:A mutations in the Mbd4 Ϫ/Ϫ mice were found at CpG sites (96%; 45͞47). The overall frequency of C:G3T:A mutations occurring specifically at CpG sites was more than twice as high in Mbd4 Ϫ/Ϫ mice than in WT mice (62% and 28%, respectively; P ϭ 0.001).
Mbd4 Deficiency Accelerates Apc-Driven GI Tumorigenesis. To specifically study the effect of the increased mutational frequency were killed at 10 mo of age, and the tumor incidence and multiplicity in the GI tract were determined. The majority of WT͞Apc 1638N/ϩ mice and all of the Mbd4 Ϫ/Ϫ ͞Apc 1638N/ϩ had developed GI tumors at this age ( Table  2) . We did not observe any tumors outside the digestive tract based on gross inspection of other organs. The overall tumor multiplicity in the Mbd4 Ϫ/Ϫ ͞Apc 1638N/ϩ was 2.4 times that of Apc 1638N/ϩ single mutant mice at a borderline significance (P ϭ 0.074). However, when specific regions of the GI tract were examined, we found statistically significant (P Ͻ 0.05) increases in tumor numbers in the jejunum and ileum (Table 3) . Subsets of tumors from Mbd4 Ϫ/Ϫ ͞Apc 1638N͞ϩ double mutant and Apc 1638N/ϩ single mutant mice were histologically classified. In both strains of mice, a spectrum of benign and malignant tumors was seen (Table 4) (Table 5 ). The 2.5-fold increase in somatic Apc mutations in the double mutant Mbd4 Ϫ/Ϫ ͞ Apc 1638N/ϩ mice was highly significant (P ϭ 0.001).
Prevalence of C:G3 T:A Transitions at CpG Sites in Apc.
The Apc truncation mutations in the GI tumors were further characterized by sequencing. A summary of the Apc mutations together with the surrounding sequences is shown in Table 6 . The vast majority of Apc mutations in Mbd4 Ϫ/Ϫ ͞Apc 1638N/ϩ tumors were comprised of C:G3T:A transitions (28͞34, 82%) whereas a smaller proportion of WT͞Apc 1638N/ϩ tumors were found to carry this type of Apc mutation (4͞7, 57%). We also detected a small number of other mutations, including C:G3A:T and G:C3A:T transitions, as well as insertions or deletions of two or more nucleotides (Table 6 ). Examination of the sequences surrounding each Apc mutation site in Mbd4 Ϫ/Ϫ ͞Apc 1638N/ϩ tumors showed that all of the C:G3T:A mutations had occurred at CpG sites within the Apc coding region.
Discussion
We have generated a mouse line with a null mutation in Mbd4 to study the in vivo role of this gene in DNA repair and tumorigenesis. The phenotypic analysis of this mouse line showed that loss of Mbd4 function was compatible with normal development. We did not observe any reduction in the survival of Mbd4 ϩ/Ϫ or Mbd4 Ϫ/Ϫ mutant mice as compared with WT mice. Similarly, there was no significant increase in the cancer susceptibility phenotype of the Mbd4 mutant mice even at an old age of up to 24 mo. These results suggest that inactivating mutations in Mbd4 alone do not have a significant impact on the initiation of tumorigenesis in mammals.
We next assessed the impact of Mbd4 inactivation on MMR in vivo by studying the mutation rates at microsatellite loci in the genomes of Mbd4 Ϫ/Ϫ mice. The genomes of Mbd4-deficient mice remained stable at all loci tested, whereas the genomes of Mlh1-deficent mice displayed MSI at high frequencies. These results indicate that inactivation of Mbd4 does not impair the repair of frameshift mutations in vivo and are consistent with in vitro studies that showed that loss of MBD4 function does not affect MMR in a biochemical assay system (23) . Furthermore, these findings support the notion that the observed mutations in the short mononucleotide repeat tract in the coding region of MBD4 of microsatellite unstable colorectal tumors are secondary to a mutator phenotype that is caused by MMR-deficiency or other repair deficiencies. Similar short repeat tract mutations in microsatellite unstable colorectal cancers are frequently found in the coding regions of a number of other genes that are important for tumor formation, including TGF-␤RII, IGF-IIR, and BAX, and the MMR genes MSH3 and MSH6 (14, 24) . If Mbd4 inactivation causes a mutator phenotype in cancer cells, it could potentially impact tumorigenesis. Consequently, the analysis of the mutation frequencies at the lacI gene in the Big Blue reporter system showed that inactivation of Mbd4 led to a small but significant increase in somatic mutations in the spleen and small intestine. Strikingly, the majority of lacI mutations in the small intestinal epithelium that had occurred were C:G3T:A transition mutations at CpG sites.
The lack of an increased cancer susceptibility phenotype in Mbd4 Ϫ/Ϫ mice even at a very old age suggests that the mutator phenotype caused by Mbd4 inactivation is not sufficient to initiate tumorigenesis by itself. A comparison with Msh2-, Msh6-, and Mlh1-deficient mice, which display strong cancer phenotypes, shows that MMR-deficiency results in small intestinal mutation frequencies that are almost an order of magnitude higher than WT (26) (27) (28) . However, it is also possible that loss of other functions of MMR proteins, such as the induction of apoptosis in response to DNA damage, can contribute to the cancer predisposition phenotype in MMR-deficient animals (29) . The relatively moderate mutator phenotype in Mbd4 Ϫ/Ϫ mice may also be explained by the more limited substrate specificity of Mbd4 as compared with MMR proteins. In addition, spontaneous deamination of 5-methylcytosine occurs at a very high frequency in the genome (30) , and organisms appear to have evolved redundant repair mechanisms to respond to this type of DNA lesion. For example, biochemical analysis indicates that thymine DNA glycosylase (TDG) shares overlapping enzymatic activity with Mbd4 for the repair of T-G mismatches (31) . It will be interesting to test whether the combined loss of Mbd4 and TDG will further increase the incidence of C:G3T:A mutations and initiate tumorigenesis. The small increase in mutation frequency and the change in the mutation spectrum caused by loss of Mbd4 function had a significant impact on Apc-driven GI tumorigenesis. We observed significant increases in tumor multiplicity in the jejunum and ileum of Mbd4 Ϫ/Ϫ ͞Apc 1638N/ϩ mice. The increase in tumor multiplicity in the jejunum parallels the observed increase in mutation frequency in this tissue. It will be interesting to investigate whether the other parts of the GI tract show a similar phenomenon. In addition, Mbd4 deficiency had a considerable impact on the tumor spectrum. When comparing the histologic types of tumors found in Mbd4 Ϫ/Ϫ ͞Apc 1638N/ϩ mice to those of Apc 1638N/ϩ mice, the number of tumors that had progressed into adenocarcinomas increased in Mbd4
mice. The most dramatic difference, however, was seen in the number of microadenomas, microscopically detected early-stage neoplasm with invasive potential (Fig. 3) GI tumors showed that a large majority of these tumors had acquired somatic truncation mutations in the WT Apc allele. In comparison, somatic Apc truncation mutations were detected in only a small proportion of Apc 1638N/ϩ tumors. The latter finding is consistent with the previous observation that 70 -80% of Apc 1638N/ϩ tumors lose the WT Apc allele by a loss of heterozygosity event (35) and indicates that the mutator phenotype caused by Mbd4 deficiency had a major impact on the genetic mechanism leading to Apc gene inactivation.
Sequence analysis of the Apc mutations in the Mbd4 Ϫ/Ϫ ͞ Apc 1638N/ϩ tumors showed that the increase in the incidence of somatic Apc mutations was largely caused by an increase in C:G3T:A mutations at CpG sites. A calculation taking into account the increase in the incidence of somatic Apc mutations (2.5-fold) as well as the increase in C:G3T:A mutations (2-fold) suggests that mutations at CpG sites in the Apc coding region occur with a 5-fold higher likelihood in the small intestinal mucosa of Mbd4 Ϫ/Ϫ mutant mice as compared with WT mice. Interestingly, applying the same calculation for the lacI region tested resulted in a similar 5-fold increase of CpG mutations. Based on this assumption, we speculate that loss of Mbd4 function can also increase the probability of CpG mutations in the coding region of other genes that effect GI tumor formation. For example, nearly 50% of somatic TP53 mutations in colorectal cancers are comprised of C:G3T:A transitions at CpG sites (36, 37) , suggesting that Mbd4 inactivation might also have a significant impact on TP53 mutations.
In summary, this study provides evidence that Mbd4 functions in vivo in the suppression of C:G3T:A mutations at CpG sites in mammalian genomes. Our results further suggest that, although the mutator phenotype caused by Mbd4 inactivation by itself is not sufficient to initiate tumorigenesis in mice, it can have a modifying effect on tumor formation in cancer-predisposing genetic backgrounds. Similarly, it is possible that loss of Mbd4 function will have significant impact on the response to environmental or carcinogenic challenges, an idea that can be tested in future studies of Mbd4 mutant mice.
Note. While this manuscript was in preparation, another study was published that reported the effect of a mutagenic insertion in intron 1 of the mouse Mbd4 gene on the mutation frequencies at the phage cII locus in liver and spleen (25) . The analysis in these tissues showed a comparable 3.3-fold increase in mutation frequencies, as well as in the incidence of C:G3T:A transitions at CpG dinucleotides. Bisulfite sequencing of the cII locus further showed that the majority of CpG sites in liver and spleen were methylated, implying that the high incidence of C:G3T:A mutations was the result of failure to repair spontaneous 5-methylcytosine deamination at methylated CpG residues. Our observation that the lacI locus in the epithelial cells of the small intestine displays C:G3T:A transitions almost exclusively at CpG sites further supports this notion. 
